Magnetic ground states in solids often arise as a result of a delicate balance between competing factors. One currently active area of research in magnetic materials involves compounds in which longrange magnetic ordering at low temperatures is frustrated by the geometry of the crystalline lattice, a situation known as geometrical magnetic frustration. The number of systems known to display the effects of such frustration is growing, but those that are sufficiently simple from theoretical, chemical, and physical perspectives to allow for detailed understanding remain very few. A search for model compounds in this family has led us to the double perovskites Ba 2LnSbO6 and Sr2LnSbO6 (Ln ‫؍‬ Dy, Ho, and Gd) reported here. Ba 2DySbO6, Ba2HoSbO6, Sr2DySbO6, and Sr2HoSbO6 are structurally characterized by powder neutron diffraction at ambient temperature. The trivalent lanthanides and pentavalent antimony are found to be fully ordered in the double-perovskite arrangement of alternating octahedra sharing corner oxygens. In such a structure, the lanthanide sublattice displays a classical fcc arrangement, an edge-shared network of tetrahedra known to result in geometric magnetic frustration. No magnetic ordering is observed in any of these compounds down to temperatures of 2 K, and in the case of the Dy-based compounds in particular, frustration of the magnetic ordering is clearly present. Lanthanide-based double perovskites are proposed to be excellent model systems for the detailed study of geometric magnetic frustration. D espite decades of intensive investigation of the properties of magnetic materials, relatively little is known about compounds for which the long-range magnetic ordering of strongly interacting spins at low temperatures is frustrated by their geometric arrangement in the crystal lattice. The geometries of such frustrating lattices typically are based on corner-sharing triangles. This geometry makes long-range spin ordering that strictly satisfies near-neighbor pairwise antiferromagnetic interactions impossible. The resulting compromises in the spin orientations at low temperatures result in the existence of many energetically equivalent magnetic ground states (see refs. 1-4 for a review of the field). The 2D Kagomé lattice (named after a form of Japanese basket weaving) of corner-shared triangles of magnetic ions and its 3D extension to yield a corner-shared arrangement of magnetic tetrahedra (shown in Fig. 1 ) are of greatest current interest. Good examples of 2D Kagomé lattice magnetic compounds are found among the Jarosites (5, 6). The frustrating properties of the corner-sharing tetrahedron lattice have been particularly well studied for the magnetic lanthanide pyrochlores. Phenomena such as the formation of ''spin ice'' in Ho 2 Ti 2 O 7 and Dy 2 Ti 2 O 7 (7-11), the magnetic analogy of the geometric frustration of the ordering of hydrogen in ice at low temperatures, and the complex applied field͞temperature magnetic-phase diagram in Gd 2 Ti 2 O 7 (12) are examples of the consequences of geometric frustration in the corner-shared tetrahedron lattice.
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The lanthanide ions Ho, Dy, and Gd have been of particular interest in the pyrochlores because of the detailed character of their spin-spin interactions, the former often being Ising-like, and Gd displaying an isotropic spin. The work reported here is directed at finding compounds of those elements in different frustrating geometries than have been previously studied. The perovskite structure, formula ABO 3 , is ubiquitous in oxide chemistry. It consists of a 3D lattice of fully corner-sharing BO 6 octahedra enclosing a cavity in which the larger atom (A) is ¶ To whom correspondence should be addressed. E-mail: rcava@princeton.edu. 12-coordinated to oxygen. Many variants are known. The double perovskites, formula A 2 BBЈO 6 , have chemical supercells in which two kinds of ions are found in the B sites in alternating octahedra. Perfectly ordered double perovskites, with only one of the two B-site ions carrying spin, have magnetic sublattices consisting of edge-shared tetrahedra (see Fig. 4a ), another frustrating geometry in three dimensions. This edge-sharing geometry is the classical fcc lattice. Double perovskites in which magnetic transition elements occupy half of the B sites in an ordered manner have been studied (1) , and recently a spin 1 ⁄2 transition metal variant Sr 2 CaReO 6 has been characterized (13).
Here we report the existence, structure, and preliminary magnetic characterization of the Ho-, Dy-, and Gd-based double perovskites Ba 2 LnSbO 6 and Sr 2 LnSbO 6 . These compounds, with edge-shared tetrahedra of magnetic lanthanides, are of particular interest for direct comparison of their magnetic properties to those of the equivalent lanthanide pyrochlores, where the magnetic lattice consists of corner-sharing tetrahedra. The Ho-, Dy-, and Gd-based double perovskites show the characteristics of geometric magnetic frustration, and further characterization of their properties at temperatures Ͻ2 K will be of considerable interest. Double perovskites of the same type are expected to exist over the whole lanthanide series. Our results suggest that these lanthanide-based double perovskites are an excellent prototype family for making contact with theoretical models for the behavior of spins of different types on the fcc lattice. The lanthanide ions vary in total spin and electron configuration in a systematic manner that is not observed for transition metals (because of the complexities of d-electron interactions) where the fcc structure is very commonly observed, and therefore fcc lanthanide lattices offer a unique opportunity for detailed comparison to theoretical models. Magnetic susceptibilities were measured between 2 and 320 K in an applied field of 200 Oe in a SQUID magnetometer (Quantum Design, San Diego). The crystal structures of the Dyand Ho-based compounds were determined at ambient temperature by powder neutron diffraction, at the National Institute of Standards and Technology Center for Neutron Research, on the high-resolution powder neutron diffractometer with monochromatic neutrons of wavelength 1.5402 Å produced by a Cu(311) monochromator. (The Gd-based compounds were studied by susceptibility only, because of the strong neutron absorption of Gd.) Data were collected at ambient temperature between 3°a nd 168°diffraction angles with a step size of 0.05°. Collimators with horizontal divergences of 15Ј, 20Ј, and 7Ј of arc were used before and after the monochromator, and after the sample, respectively. Structure refinement by the Rietveld method was carried out with the program GSAS (14) . The neutron scattering amplitudes used in the refinement were 0.525, 0.702, 1.69, 0.808, 0.564, and 0.581 (ϫ10 Ϫ12 cm) for Ba, Sr, Dy, Ho, Sb, and O, respectively (14) 
Experiments
. Statistical uncertainties quoted in all of the neutron results represent one standard deviation.
Results
The ambient temperature powder neutron diffraction patterns for the Ba 2 HoSbO 6 and Sr 2 HoSbO 6 double perovskites are presented in Fig. 2 . The data from the Dy analogs are very highly analogous. Qualitative inspection of the patterns shows that the Sr variant has lower symmetry than the Ba variant. Both patterns can be indexed by crystallographic cells that are commonly found for double perovskites. The Ba variants can be best described by the high-symmetry cubic doubled perovskite cell, space group Fm3 m, with cell parameters (Å) (15, 16) . The Ba 2 LnNbO 6 family is also apparently monoclinic (17) .
The structural refinements indicate that the compounds display classic double-perovskite structures. As observed previously in other lanthanide-containing double perovskites (15) (16) (17) , the present compounds show full ordering of the Ln 3ϩ B-site ion and the nonmagnetic 5ϩ B-site ion, in this case Sb, in the available B sites, with the perfect ordering likely driven by differences in both charge and size. This is very important from the magnetic point of view, as disorder among the magnetic atoms significantly disrupts the geometrical frustration (1, 18). There are only minor differences in the structures for the two lanthanides in the current compounds, attributable to the slight difference in size between Ho and Dy. The structural parameters, bond lengths, and refinement particulars are summarized in Tables 1 and 2 . The crystal structures are presented in Fig. 3. Fig. 3 shows that the reduced symmetry of the Sr variants is caused by the relatively smaller size of the Sr on the A site, resulting in the frequently observed partial collapse of the ideal perovskite cavity through rotations of the BO 6 octahedra about their shared corners, allowing for the appropriate SrOO bond lengths. Fig. 4 shows the characteristics of the magnetic sublattices for the Dy and Ho double perovskites and compares them to that of the pyrochlore. Only the magnetic lanthanides are shown in Fig.  4a , which clarifies the arrangement of the edge-shared tetrahedra of magnetic ions found in the double perovskites. The fcc character of this arrangement is apparent. Fig. 4 b and c extracts individual magnetic ion tetrahedra from Ba 2 DySbO 6 and Sr 2 DySbO 6 . In both compounds, only one type of magnetic tetrahedron is present. In the Ba compound, the tetrahedron is dimensionally regular, with a Dy-Dy separation of 5.96 Å. In the Sr compound, the Dy-Dy distances are somewhat shorter, Ϸ5.85 Å, and there is a range of separations of Ϸ0.03 Å, which is not substantial. Thus the magnetic tetrahedra are only slightly different in size and shape in the two kinds of compounds.
Comparison to the size of the Dy tetrahedron in the Dy 2 Ti 2 O 7 pyrochlore is made in Fig. 4d . It is seen that the tetrahedra are quite different in size in the pyrochlore and double-perovskite structures, expected to significantly affect the relative strength of the magnetic coupling.
The local coordination polyhedron of oxygen around the lanthanides in the double-perovskite and pyrochlore structures is quite different. A comparison of the shapes and sizes of the local lanthanide coordination polyhedra for the Dy double perovskites and the Dy pyrochlore is presented in Fig. 5 . In the pyrochlore, the local Ln site symmetry is 3 m, and there are six near-neighbor oxygens, two of which are substantially closer to the Dy than the other four (Fig. 5c ). In the perovskites, the local lanthanide symmetry is m3 m in the cubic Ba variants, with six oxygen near-neighbors in an ideal octahedral geometry (Fig. 5b) and 1 in the case of the monoclinic Sr variants, again with six oxygen neighbors, in a slightly distorted octahedral geometry. Fig. 5 shows that for the pyrochlores, very short DyOO bond distances are found directly to an oxygen at the center of the magnetic tetrahedron, and to an equivalent oxygen in the directly opposite direction (͗111͘ directions). These correspond exactly to the directions that the Ising-like Dy spins take in that compound, showing the structural origin of the strong crystal field (19) that determines the preferred orientations of the spins. For the double perovskites, on the other hand, the situation is quite different. For the Ba variant, six exactly equivalent lanthanide-oxygen bonds are pointed along cubic ͗100͘ directions, and not into the magnetic tetrahedra. The same is generally true in the Sr variants, except that the six lanthanide-oxygen bonds are not exactly equivalent by symmetry, with the directions still generally along what are in that case the pseudocubic ͗100͘ directions. The regular character of the LnOO octahedra in the double perovskites suggests that the crystal field will not be axial in these compounds, as it is in the pyrochlore case. Fig. 5 also shows that the orientations of the LnO 6 local coordination octahedra with respect to the magnetic tetrahedra are slightly different in the two types of double perovskites. These differences in local coordination vs. magnetic geometry may lead to differences in magnetic behavior at low temperatures. Table 3 , as are comparisons to the expected moments (20) for the lanthanides. The W s are all negative for the double perovskites, indicating the presence of antiferromagnetic nearest neighbor spin-spin interactions. In addition, the W values for the Dy and Ho analogs for the high temperature fits (ϷϪ8 and Ϫ5 K, respectively) are comparable to those found in the pyrochlores, despite the substantially larger Ln-Ln spacing in the perovskites. (The lower temperature portions of the susceptibility curves have also been fit to the Curie-Weiss law, with the parameters shown in Table 3 , to facilitate comparison to the pyrochlores where this temperature region is sometimes quoted in the characterizations.) Figs. 6-8 Insets show an interesting difference between the lowest temperature behaviors of the Dy-and Ho-based compounds. The Ho susceptibilities deviate toward lower values at the lowest temperatures measured, suggesting increasing antiferromagnetic correlations and perhaps incipient long-range order. The Dy susceptibilities, on the other hand, deviate toward higher values at lower temperatures, suggesting increasing ferromagnetic correlations or the presence of a small paramagnetic component to the susceptibility, as has been observed in other geometrically frustrated magnets (21, 22) . The Gd-based materials, on the other hand, maintain their strict Curie-Weiss behavior to the lowest temperatures studied, with the Curie-Weiss values relatively quite small, on the order of 1 K.
The expected magnetic ordering behavior for antiferromagnetically interacting Heisenberg spins on an fcc lattice has been modeled and simulated theoretically (23) . For such a system, the magnetic ordering is expected at a temperature of 0.45 J, where J is the strength of the nearest neighbor coupling. For fcc lattices, the geometry dictates that the measured W in the Curie-Weiss fit is 4 J. Thus theory predicts an antiferromagnetic long-range ordering temperature (T N ) of T N ͞ W ϭ 8 as a result of the frustrating geometry of the fcc lattice. [In the mean field picture in nonfrustrating lattices, ordering is expected for T N ͞ W ϭ 1-2 (1) .] Interactions between spins on the fcc lattice beyond nearest neighbor coupling will increase T N toward W . For the fcc Dy, Ho, and Gd lattices in the current materials, where no magnetic ordering is observed down to 2 K, only the Dy case can be considered to be clearly showing the effects of geometric frustration, as T N ͞ W must be Ͼ4. Sub-2 K measurements will be required to clarify the behavior of all of these compounds.
Conclusions
Double perovskites with lanthanides ordered on one subset of the octahedrally coordinated B sites have recently been of crystal chemical interest (13) (14) (15) (16) . In the present work we have described a few members of a family of such double perovskites, with Ln 3ϩ -Sb 5ϩ ordering on the B sites. The antiferromagnetic near-neighbor coupling found for the Ho-and Dy-based double perovskites is different from the spin-ice pyrochlores based on those elements, where the nearest-neighbor coupling is ferromagnetic. Critical to the observation of the spin ice behavior in the Dy and Ho pyrochlores is the presence of significant magnetocrystalline anisotropy. The spins are Ising-like, with preferred directions toward or away from the centers of the magnetic tetrahedra, the ͗111͘ orientations. It is not known at 
